Abstract-A change in the relative proportions of a mixture of rubber tire dust and rice husks will cause a change in the mixture's electrical permittivity and its ability to absorb electromagnetic energy. An openended coaxial probe was used in conjunction with three dielectric mixture equations (the Kraszewski equation, the Landau equation and the Lichtenecker equation) to obtain the dielectric properties of a mixture of rubber tire dust and rice husks (RTDRH) over the frequency range of 7 GHz to 13 GHz. Lichtenecker's equation for dielectrics proved to be a useful practical formulation for determining the effective permittivity of homogeneous dielectric mixtures. The effectiveness of these dielectric mixture equations in determining the effective permittivity of RTDRH was investigated in this study. A newly developed mixture equation was derived based on these dielectric
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INTRODUCTION
The microwave absorber is a very important device in antenna measurements as well as in telecommunications research laboratories and military research laboratories [1] [2] [3] [4] [5] [6] . Microwave absorbers are used to eliminate reflected signals to avoid any ambiguous signals that could scramble experimental measurements in a finite-space laboratory. Typically, microwave absorbers are made of synthetic magnetic material, such as ferrite [7] , which is poisonous and costly. However, the RTDRH microwave absorber has been developed recently [8] . As shown in Figure 1 , the RTDRH absorber used in this study was fabricated by mixing rubber tire dust (industrial waste) and rice husks (agricultural waste) by using a hardeneing agent. Information about the permittivity of a material is very important in the design of microwave absorber because the permittivity of a material is a parameter in determining its ability of to absorb an electric field [9] [10] [11] [12] [13] [14] . Thus, many researchers have proposed various mechanisms and models to describe the permittivity of a material.
In this work, we were interested only in studying the permittivity of a mixture of materials. As is well known, there are three kinds of mixture models that describe a solid mixture of materials, i.e., Kraszewski's equation [15] , Landau's equation [16] and Lichtenecker's equation [17] [18] [19] [20] [21] . However, these equations have been regarded generally to be semi-empirical in nature and to have no firm, practical justification for use in evaluating a wide range of mixtures. These mixture equations produce inconsistent results when there are significant differences between the dielectric permittivities of the individual constituents in the mixture. In this study, the three mixture models were re-examined in order to model the permittivity properties of an RTDRH absorber. Measurements were made to determine and compare the permittivities of complex mixtures [22] , and the permittivities of these mixtures also were predicted using the existing and newly-developed equations [23] . Figure 2 illustrate the flow of methodology for development of the pyramidal microwave absorber. The base of the pyramidal absorber was made of a combination of rice husks are added to rubber tire dust (carbon black); polyester was used as a bonding agent, and methyl ethyl ketone peroxide (MEKP) was used as a hardener agent. The purpose for the application of resin (polyester) was to bind together the particles and layers of the two constituents, one being an industrial waste and the other being an agricultural waste. The mixture was fabricated into a pyramidal shape with a square base. Methods of preparation and construction of the RTDRH absorber are similar as shown in [8] and [25] , respectively. Figure 3 shows the mixture, which consisted of 75 percent rubber tire dust and 25 percent rice husks.
METHODOLOGY
The relative effective permittivity, ε r , of the RTDRH absorber was measured using a commercial dielectric probe with a P-series Network Analyzer (PNA) over the range of 7 GHz to 13 GHz, as shown in Figure 4 . Microwave absorbers with various ratios of rubber tire dust to rice husks were prepared and the mixtures were measured by the setup describe earlier.
At microwave frequencies, different measurement techniques can Defining the dielectric constant (real part, ε r , and imaginary part, ε r ) of the pyramidal microwave absorber using a dielectric probe.
be used, including the free-space-measurement technique, the resonantcavity technique, the transmission-line technique, and the dielectricprobe technique [22] . Before measurements were conducted, the devices were calibrated. Three calibration media, i.e., a short block of metal (short), water (match), and air (open) were used in the calibration procedure. Precautions must be considered to avoid the possibility of systematic errors, which could cause severe discrepancies in the phase measurements.
DIELECTRIC MIXTURE MODEL
A dielectric mixture model is used commonly for calculating complex permittivity. The fractional volume and the permittivity of each constituent are the main parameters used in calculating the effective permittivity of the mixture. Four equations were proven to be applicable to the experimental data in our prescreening analyses. The suggested dielectric mixture equations were found in references [18, 20, 23] , and they are presented below:
Kraszewski equation:
Landau, Lifshitz, and Looyenga (Landau equation):
Lichtenecker equation:
where v i = volume fraction of the ith constituent ε i = permittivity of the ith constituent n = number of constituents in the sample total volume fraction,
The fabricated sample was considered as a mixture of solids, i.e., rubber tire dust and rice husk. In the above equations, the complex permittivity of rubber tire dust and rice husks varies with frequency as shown in the next section. The mixture will never be truly dense. Therefore, air voids should be available. However, the air voids were ignored here because the sample mixture was compressed before the hardener and bonding agent (i.e., polyester and MEKP, respectively) were applied, to minimize the air voids in the mixture. We also ignored the polyester and MEKP used in this work, because the amounts used were insignificant compared to the amounts of rubber tire dust and rice husks that were used.
RESULTS AND DISCUSSION
In order to calculate the effective permittivity of a mixture in the microwave absorber, the amount of each constituent of the mixture, i.e., rice husks and rubber tire dust, must be determined. This can be done by using an Agilent 85070B dielectric probe to measure the constituents. The data shown in Figures 5 and 6 were the input parameters for Equations (1) through (3). The main element in rice husks is carbon (35.8%) [24] , which contributed to charge migration and dipole polarization. The excessive of carbon percentage beyond percolation thresholds (more than 5%) causes carbon contact to each other, provided the filler content exceeds percolation threshold. Above this percentage, the conductive carbon particles agglomerate, suggesting the migration of a charged species, and this lead to variations in dielectric constant and conductivity.
The consistent variations in dielectric constant for pure rice husks and rubber tire dust, as shown in Figure 5 , suggest that the relaxation frequencies of the pure rice husks and the rubber tire dust in nature are higher than the applied frequency range, i.e., 7 GHz through 13 GHz. Hence, the molecules can be fully polarized because the molecules manage to synchronize with the frequency of alternating field. The relaxation frequency is determined mainly by activation energy and temperature. Since the temperature we used was room temperature (27 • C), activation energy is the primary parameter used to determine relaxation frequency. Activation energy describes the strength of the bond between carbon and other constituents. Higher values of activation energy suggest higher relaxation frequencies as described in [25] :
where f rel is the relaxation frequency, Q the activation energy, R the gas constant (R = 8.3143 J/mol·K), τ 0 the proportionality factor, and T the temperature (in Kelvin).
There is sufficient carbon black in rubber tire dust to make its dielectric constant greater than that of pure rice husks, which contain carbon but no carbon black. The typical composition of rubber tire dust includes about 28% carbon black by weight. The free carbon black that is present in rubber tire dust enhances its agility in creating polarization. However, the carbon in rice husks is a constituent of a polymeric hydrocarbon. Thus, in rice husks, the carbon is bond by other elements, reducing its agility during the polarization mechanism that occurs when an external, alternating field is applied. Since, as noted above, the amount of carbon black exceeds the percolation threshold [26] of 5% [27] , the conductive carbon black particles form agglomerates when they are in contact, causing electron polarization.
The variation of loss factor, ε r , with frequency was described in reference [28] , as shown below:
where σ o is the conductivity of the material and ε R the loss factor contributed from relaxation effects. The conductivity terms for pure rubber tire dust that have significant influences are those for carbon black and steel (constituents used in manufacturing rubber tires), but natural rubber and synthetic rubber are not conductive. Even though the free carbon black is conductive and is not a dielectric, it does not show conductive behavior when it is encapsulated (i.e., dispersed at low percentage) in a dielectric matrix in which the content of carbon black is less than 10% [29] . However, it makes up 28% of rubber tire dust and exceeds the percolation threshold, as noted above. At this percentage, the carbon black agglomerates, thereby creating significant conductivity. As expected, the steel exhibits conductivity as well, but its effect is secondary to that of the agglomerated carbon black because it only makes up about 15% of the total composition of a rubber tire. The conductivity that has been mentioned contributes to the first term in Equation (5) . A final factor that affects the loss factor is the relaxation effect. The loss factor in blends of conductive filler dispersed in a dielectric matrix is due to a phenomenon known as Maxwell-Wagner polarization, i.e., the polarization that occurs at the interfaces between natural/synthetic rubber and carbon black. When the material is subjected to an electric field, dipoles can be induced at the interfaces, and the dependence of the loss factor on frequency can be explained by the relaxation of those dipoles. This implies that the relaxation term contributes to the second term in Equation (5) . In summary, the conductive fillers (carbon black and steel) in pure rubber tire dust account for the dust having a higher loss factor than pure rice husks, as illustrated in Figure 6 . The adsorption properties of a material can also be described by using loss tangent.
Absorption takes place through heat dissipation, and it is a very important dielectric parameter in determining the optimum condition when designing a panel for a microwave absorber. When the microwave energy penetrates the absorbing material, such as the blend of rubber tire dust and rice husks, the amounts of transmitted and reflected waves become indicators of the absorbability of the material. Normally, reflection loss is the indicator.
An optimal absorber should absorb 100% of the signal in the dielectric material, with none of the signal passing through the interconnection network. However, this is an ideal case that would never occur in real-world application. If the blend of materials can convert most of the incoming microwaves to heat (heat dissipation), the microwave absorber would be considered to have accomplished its intended function. Loss tangent is the ratio of the energy dissipated (term of loss factor) to the energy stored (in terms of dielectric constant) in the dielectric material. The lower dielectric constant, ε r , and the higher loss factor, ε r , will lead to the high loss tangent that a material with good absorbability should possesses. The results presented in the Figures 5 and 6 illustrate this desirable situation. Then, Figure 7 shows that the loss tangent of pure rice husks is greater than that of pure rubber tire dust. The rich amount of carbon in pure rice husks is the main factor that contributes to the greater loss tangent, and this is due to its charge migration and dipole polarization.
The relationships between both dielectric constants, ε , and loss factor, ε , of the blend of rubber tire dust and rice husks from 7 GHz to 13 GHz at various percentages of rubber tire dust in the absorber are shown in Figures 8(a) and (b) . It has been observed that the dielectric constant is almost constant at low percentages of rubber tire dust (10%-30%). The difference of dielectric constant between 10% and 20% as well as 20% and 30% seems constant, and this is due to the low dispersion when the percentage of rubber tire dust is low. When the percentages of rubber tire dust are low, the rubber tire dust may be bound by the rice husks, as occurs at higher percentages in the absorber. When the percentage is low, the molecules of carbon black are attached to other ingredients in the absorber due to the induction of the dipole moment. The dipole moment exists due to the non-uniform distribution of electrons. When molecules of carbon black are subjected to an electromagnetic field, the mobility of the electron/charge carrier is restricted in terms of its mobility during the polarization. Therefore, the dielectric constant is almost constant at low percentages of rubber tire dust. When the percentage of rubber tire dust is 40% and more, the free molecules of carbon black and some other constituents easily can be polarized fully and yield to the high dielectric constant. The sinuous behavior that results when the percentage of rubber tire dust ranges from 40% to 90% may be due to the dispersion of the relaxation frequency due to different constituents in the rice husks and the rubber tire dust. The fact that absorber blends with 40% to 50% and 70% to 90% of rubber tire dust exhibit a monotonic relationship between dielectric constant and frequency may be due to non-uniform blending of the rice husks and the rubber tire dust.
Other than polarization which causes the dielectric loss, the conductivity, which contributes to the conductive loss, is the main parameter in determining the loss factor. This can be explained on the basis of the percolation threshold for the blend of rubber tire dust and rice husks.
Although polarization plays a role in the imaginary part, free electrons have a greater effect due to the good electrical conductivity of carbon black [30] . Various percentages of rubber tire dust exhibit decreasing loss factors when frequency increases, as shown in Figure 8 .
The loss factor, ε , decreases when the frequency increases because of the effect of conductivity; σ is inversely proportional to frequency. The higher frequency of applied electromagnetic field suggests the lower probability of collision among electrons and atoms during electron migration and hopping [31] . This is because the length of travel of an electron during one cycle is generally short compared to the dimensions of the conducting region. Nevertheless, the blend with the lowest percentage, i.e., 10% rubber tire dust, exhibited a sinusoidal variation with frequency without any significant decrement. The most probable explanations of this observation are that the dispersion of the rubber tire dust was not uniform and the phenomenon of bound molecules, as noted above. However, it is improper to describe the loss factor as an indicator for adsorption but loss tangent because the loss tangent explains the tendency of material in energy absorption or dissipation.
The ratio of the energy dissipated to the energy stored in the dielectric material is known as loss tangent. The more energy that is dissipated into the material, the less energy that will penetrate the dielectric material. This dissipated energy typically is converted to heat. Eddy currents and skin effects can be considered as explanation for the loss tangent. Figure 9 shows that the trendline of the pure rubber tire dust is close to 10% and 20% percentage of rubber tire, which may due to the rice husks still having the dominant effect compared to the rubber tire Frequency (GHz) Loss tangent 10% rubbe dust 20% rubber dust 30% rubber dust 40% rubber dust 50% rubber dust 60% rubber dust 70% rubber dust 80% rubber dust 90% rubber dust puer rice hust pure rubber dust r Figure 9 . Variation of loss tangent with frequency at various percentages of rubber tire dust in the absorber.
dust. The significant difference in terms of loss tangent between pure rice husks and the rubber tire dust explains this phenomenon. When the percentage is increased to 30%, the loss tangent makes a significant approach toward that of pure rice husks. Both constituents show the highest loss tangent. For the frequency range below 10 GHz, the loss factor increases when the percentage increases from 50% to 80%, and it approaches that of pure rice husks. Beyond 10 GHz, the loss tangents for all percentages were cluster with each other. When it increases to 90%, the rubber tire dust has the dominant effect, and the loss tangent is the same as that for pure rubber tire. A 10% composition of rice husks did not have an effect in the absorber. In summary, the blend of 30% rubber tire dust and 70% rice husks had the highest loss tangent, implying that the fabrication of an optimum microwave absorber cannot be based on the use of pure rice husks, as published in [32] . The other industrial waste, i.e., rubber tire dust can be an auxiliary material in the fabrication of a microwave absorber that uses rice husks. The anomalous behavior shown in Figure 9 may due to the low tolerances during the measurement of loss factors, which attributed to the low sensitivity of the measurements for the S 11 parameter, since the dielectric measurement was based on the measurement of this parameter. Normally, this occurred when the loss factor was significantly lower than the dielectric constant.
The frequency of 7 GHz displayed a remarkable trend line that showed very high loss tangent, ranging from 40% to 100% (for pure rubber tire dust). However, this was observed only at a specific lower frequency, i.e., 7 GHz, and this could most probably be attributed to the frequency of 7 GHz within this percentage range being the same as the relaxation frequency. Hence, a higher probability of electron collisions exists, which, in turn, generate significant heat loss as a result of the collisions. On the other hand, it can be observed that the trend line of loss tangent for pure rice husks (0%) and 30% rubber tire dust content as shown in Figure 9 shows the higher loss tangent, on average. Relatively, pure rice husks and 30% rubber tire dust exhibited higher loss tangents in the wider frequency range than other percentages of rubber tire dust in the absorber. This is consistent with the findings in Figures 9 and Figure 10 , in which 30% rubber tire dust was the same as pure rice husks in terms of loss tangent.
The configuration of the commercial sensor and the calculation of permittivity were determined initially using the procedure given in [20] and [33] at various frequencies, i.e., from 7 GHz to 13 GHz at room temperature. It can be observed that the loss tangent changes with percentage of rubber tire dust in sixth-order polynomial form, as shown in Figure 11 . The relationship between the loss tangent based on the percentage of rubber tire dust and frequency is described by Equation (6)
where f is the operational frequency (in GHz), c the percentage of Concentration of rubber tire dust (%)
Loss tangent Figure 11 . Relationship between loss tangent and moisture content for experimental results, Kraszewski, Landau, and Lichtenecker mixture models, and empirical fitting from 7-13 GHz.
rubber tire dust in terms of ratio, and a j (j = 0, 1, 2, . . . 6) the unknown variables and functions of frequency as described in Equations (8a) through (8g) . The unknown variables a j (j = 0, 1, 2, . . . 6) were obtained by the Gaussian elimination method. The unknown variables as a function of moisture content are tabulated in Table 2 . The empirical fitting for the determination of loss tangent is presented in Figure 11 . An empirical model was developed to estimate the loss tangent as a function the percentage of rubber tire dust in the microwave absorber, and this loss tangent was compared with measured and calculated loss tangents that were determined by using the Kraszewski, Landau and Lichtenecker equations. The result for the empirical model showed good agreement with the experimental results compared with the selected mixture models. Figure 11 shows the relationship between the empirical and measured data. The accuracy of Equation (6) can be described using absolute error. The absolute errors for the empirical model and the mixture model were based on the measurement data as described in Equation (9) .
where the measured data was obtained from the measurements using Agilent 85070B in conjunction with the P-series network analyzer, and X was the selected mixture equations or empirical fitting. The absolute errors and mean absolute errors for the empirical model (6) , the Kraszewski mixture model (1), the Landau mixture model (2) and Table 1 for the loss tangent. Tables 1 shows that the empirical model gave the smallest absolute error for the loss tangent at various frequencies compared to the selected dielectric mixture models. The absolute errors for the calculated loss tangents using the dielectric mixture models were higher than those for the empirical model. This was because the anomalous behavior at a 30% percentage of rubber tire dust was taken into account in the empirical model during fitting. The selected dielectric mixture models exhibited a linear relationship with percentage for the rubber tire dust in the microwave absorber. As a result, the dielectric mixture models were ideal and impractical, since many issues in real measurements were not considered. In addition, the average mean errors that are listed in Table 2 implied that Kraszewski (Equation (1)), Landau (Equation (2)) and Lichtenecker (Equation (3)) exhibited similar average mean errors. It can be observed that the averages mean error for Equations (1), (2) and (3), as listed in Table 2 , were similar, i.e., 0.0406, 0.0424. and 0.0466. Therefore, the results in Table 2 led the authors to propose a new, empirical model for predicting dielectric prediction for which the average mean error was 0.0174.
CONCLUSIONS
The rich carbon content in rice husks and rubber tire dust is the main constituent that yields to electromagnetic wave absorption. Relatively, the pure rice husks have richer carbon content, i.e., 35.8% compared with rubber tire dust, which contained 28% carbon black content. The measurements indicated that the loss tangent of pure rice husks was greater than that of rubber tire dust in the range of 7 GHz to 13 GHz. Further measurements obtained with the mixture of pure rice husks and rubber tire dust in the same frequency range showed that only the combination of 30% rubber tire dust and 70% pure rice husks exhibited a comparable loss tangent to that of pure rice husks. Even though the mixture did not exceed the performance of pure rice husks in terms of loss tangent or absorbability, it was made clear that the microwave absorber design did have to depend exclusively on rice husks. Rubber tire dust can be used in the fabrication of a microwave. Such use would indirectly reduce the likelihood that rubber tire dust will become a pollutant that is hazardous to our environment. The performance of the empirical equation in predicting the loss tangent was commendable compared to the performances of the selected dielectric mixture equations, as is described in Tables 1  and 2 . This equation had the best performance for the prediction of loss tangent between 10% and 90% of rubber tire dust with its mean absolute error ranging from 2.53E-3 to 6.1E-3. This model is applicable only in the frequency range of 7 GHz to 13 GHz.
